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(54) Ink jet recording apparatus 



(57) It is disclosed an ink jet recording head which comprises: a pressurizing chamber (43) communicated with a 
nozzle opening (31 ) and a common ink chamber (1 9), and a piezoelectric vibrating plate (3) which is formed at a surface 
of the pressurizing chamber (4) and deflection-displaced, the head being caused to eject an ink drop by the deflection 
displacement of the piezoelectric vibrating plate (3); a charging circuit which supplies a current to the piezoelectric 
vibrating plate (3) in response to a print signal, thereby producing the deflection displacement for ink ejection, and which 
outputs a signal for holding a charge final voltage during a fixed time period after an end of charge; and a discharging 
circuit which has a first discharge time constant suitable for sucking meniscus formed immediately after ink ejection 
toward the pressurizing chamber (4), thereby preventing the meniscus from being ejected from the nozzle opening. The 
discharge is stopped in a range which is (n + 3/4) to (n + 1) times (where n is 1, 2, 3,..., or 8) a natural vibration period 
T of the piezoelectric vibrating plate (3), and which conducts discharge at a second and different discharge time constant 
at an elapse of a predetermined time period. 
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Description 

The present invention relates to an ink jet recording 
apparatus and in particular to an ink jet recording head. 

Ink jet recording apparatuses which use a piezoe- 
lectric vibrating plate as an actuator for producing an ink 
drop are classified into those which utilize axial displace- 
ment of a piezoelectric vibrating plate having a bar-like 
shape, and those which utilize deflection displacement 
of a piezoelectric vibrating plate having a plate-like 
shape. The tormer ones have an advantage of a 
high-speed operation, but have a problem in that it is dif- 
ficult to mount a piezoelectric vibrating plate and hence 
the production cost is increased. 

By contrast, in the latter ones, a piezoelectric vibrat- 
ing plate is stuck to a partial region of a vibrating plate 
constituting a pressurizing chamber, and the capacity of 
the pressurizing chamber is changed by deflection dis- 
placement of the piezoelectric vibrating plate, thereby 
producing an ink drop. Therefore, such apparatuses 
have advantages in that a large area of the pressurizing 
chamber can be displaced and an ink drop can stably be 
produced, and that the piezoelectric vibrating plate and 
the vibrating plate can simultaneously be formed and 
hence the production cost can be reduced. Since such 
apparatuses utilize deflection displacement, however, 
they have a drawback of a reduced damping force. 

The reduced damping force causes the vibrating 
plate to move in response to an ink flow generated after 
ink ejection, so that there occur vibration in the meniscus 
as shown in Fig. 9 and the vibration is continued for a 
long time period. When the meniscus is moved toward 
the nozzle opening by the vibration of the meniscus, 
minute ink drops D' or so-called satellites are produced. 

In order to solve the problem, a technique has been 
Proposed in which, after ink ejection, a signal is applied 
to a piezoelectric vibrating plate so that a pressurizing 
chamber is expanded. In actuality, however, residual vi- 
bration is continued after discharge is ended, and hence 
there arises a problem in that, Particularly in an ink jet 
recording head which responds at a high frequency, un- 
desired ink drops are ejected when the meniscus is not 
pulled. 

The invention has been conducted in view of these 
problems, and has an object to provide an ink jet record- 
ing apparatus using an ink jet recording head which can 
prevent undesired ink drops such as satellites from being 
ejected. 

The object is solved by the ink jet recording head 
according to independent claims 1, 4, 8, 10 and by the 
ink jet recording apparatus according to independent 
claim 1 3. 

Further advantages, features, aspects and details of 
the invention are evident from the dependent claims, the 
description and the accompanying drawings. The claims 
are intended to be understood as a first non limiting ap- 
proach of defining the invention in general terms. 

The invention relates to an ink jet recording appara- 



tus, and more particularly to an ink jet recording appara- 
tus using a recording head in which a piezoelectric vi- 
brating thin plate is stuck to a partial region of a pressu- 
rizing chamber communicated with a nozzle opening, 

5 and the pressurizing chamber is compressed by the pi- 
ezoelectric vibrating plate to produce an ink drop. 

As used in the description and in the appended 
claims, the word 'a charge time constant' means a recip- 
rocal number of the voltage gradient with respect to time 

io when charging, and *a discharge time constant' means 
a reciprocal number of the voltage gradient with respect 
to time when discharging. 

In order to solve the problems, the ink jet recording 
apparatus comprises: an ink jet recording head which 

is comprises a pressurizing chamber communicated with 
a nozzle opening and a common ink chamber, and a pi- 
ezoelectric vibrating plate which is formed at a surface 
of the pressurizing chamber and deflection-displaced, 
the head being caused to eject an ink drop by the deflec- 

20 tion displacement of the piezoelectric vibrating plate; a 
charging circuit which supplies a current to the piezoe- 
lectric vibrating plate in response to a print signal, there- 
by producing the deflection displacement for ink ejection, 
and which outputs a signal for holding a charge final voft- 

25 age during a fixed time period after an end of charge; 
and a discharging circuit which has a first discharge time 
constant suitable for sucking meniscus formed immedi- 
ately after ink ejection toward the pressurizing chamber, 
thereby preventing the meniscus from being ejected 

30 from the nozzle opening, which stops discharge in a 
range which is (n + 3/4) to (n + 1) times (where n is 1 , 2, 
3,..., or 8) a natural vibration period T of the piezoelectric 
vibrating plate, and which conducts discharge at a sec- 
ond and different discharge time constant at an elapse 

35 of a predetermined time period. 

In a region where the movement of the meniscus 
caused by ink ejection is directed toward the nozzle 
opening, the instant when the natural vibration of the pi- 
ezoelectric vibrating plate changes the state of the pres- 
to surizing chamber from contraction to expansion is cap- 
tured, and the discharge time constant is switched so 
that the piezoelectric vibrating plate is suppressed from 
again vibrating at the natural frequency, whereby unde- 
sired ink drops are prevented from being ejected from 

45 the nozzle opening. 

Fig. 1 is a section view showing an embodiment of 
an ink jet recording head according to the present 
invention; 

so 

Fig. 2 is a circuit diagram showing an embodiment 
of a driving circuit according to the invention for driv- 
ing the recording head; 

55 Fig. 3 is a waveform chart showing the operation of 
the apparatus; 

Fig. 4 is a diagram showing a behavior of a piezoe- 
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leciric vibrating plate which is conducted after a stop 
of discharge; 

Fig. 5 is a circuit diagram showing another embodi- 
ment of a driving circuit according to the invention; 

Figs. 6(A) and 6(B) are views showing behaviors of 
a piezoelectric vibrating plate which are conducted 
after different stop timings of discharge; 

Fig. 7 is a graph showing relationships between a 
timing of starting discharge and the movement of the 
meniscus; 

Fig. 8 is a view showing another embodiment of the 
invention in terms of a driving waveform and the 
vibration form of the meniscus; 

Fig. 9 is a view showing relationships between the 
movement of the meniscus, the natural vibration of 
the piezoelectric vibrating plate, and the driving 
waveform in a recording head using deflection vibra- 
tion; and 

Figs. 10(A) and 10(B) are a view showing specific 
driving conditions of an ink jet to which the invention 
is applied. 

Hereinafter, the invention will be described in detail 
by illustrating its embodiments shown in the accompa- 
nying drawings. 

Fig. 1 shows an embodiment of an ink jet recording 
head according to the invention. In Fig. 1 , the reference 
numeral 1 designates a driving unit configured by inte- 
grally fixing piezoelectric vibrating plates 3 which are 
made of PZT (lead zirconate titanate), to the surface of 
a vibrating plate 2 which is made of a thin plate of zirconia 
having a thickness of about 10 urn, in such a manner 
that the vibrating plates respectively oppose pressuriz- 
ing chambers 4 which will be described later. 

The reference numeral 5 designates a spacer. In the 
spacer, through holes coincident in shape with the pres- 
surizing chambers 4 are opened in a ceramics plate of 
zirconia (Zr0 2 ) or the like and having a thickness, for ex- 
ample, 150 um suitable for the formation of the pressu- 
rizing chambers 4. 

The reference numeral 8 designates a substrate 
which seals the other face of the pressurizing chambers 
4. In the substrate, communicating holes 9 for connect- 
ing nozzle openings 31 to the pressurizing chambers 4 
are opened in one end portion of the substrate on the 
side of the pressurizing chambers 4, and communicating 
holes 10 for connecting the pressurizing chambers 4 to 
a common ink chamber 19 are opened in the other end 
portion. 

These three members 1 , 5, and 8 are combined into 
one unit, and attached to a unit fixing plate 1 1 which will 
be described below. 
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The reference numeral 11 designates the unit fixing 
plate. In the unit fixing plate, the above-mentioned unit 
is fixed to a predetermined position of one face by an 
adhesive agent. Flow path restriction holes 1 2 having a 

s flow resistance which is substantially equal to that of the 
nozzle openings 31 are opened at the interface between 
the communicating holes 10 and the common ink cham- 
ber 1 9. The flow path restriction holes serve as ink supply 
ports. Furthermore, communicating holes 13 connected 

io to the nozzle openings 31 are opened at positions op- 
posing the respective communicating holes 9. 

The reference numeral 15 designates a hot gluing 
film for joining the unit fixing plate 11 to a common ink 
chamber plate 18 which will be described later. In the 

15 fjim, a window 1 6 coincident with the common ink cham- 
ber 19, and communicating holes 17 for connecting the 
nozzle openings 31 to the pressurizing chambers 4 are 
opened. 

The reference numeral 18 designates the common 

20 ink chamber plate. The common ink chamber plate 18 
includes a plate which has a thickness of, for example, 
1 50 urn and suitable for the formation of the common ink 
chamber 1 9 and which is made of a corrosion -resistant 
material such as stainless steel. A through hole corre- 

25 sponding in shape to the common ink chamber 19, and 
communicating holes 21 for connecting the pressurizing 
chambers 4 to the nozzle openings 31 are opened in the 
common ink chamber plate. 

The reference numeral 23 designates a nozzle plate 

30 where the nozzle openings 31 are opened in one end 
portion on the side of the pressurizing chambers 4. The 
nozzle plate is adhered to the common ink chamber plate 
18 by a hot gluing film 25 so that the nozzle openings 31 
are connected to the respective pressurizing chambers 

35 4 via the communicating holes 9 5 13, 1 7, 21 , and 26. 

In the ink jet recording head thus configured, when 
a drive signal wherein the voltage level is raised at a con- 
stant rate is applied to the piezoelectric vibrating plate 3, 
the vibrating plate 2 is deflected in such a manner that 

40 the portion on the side of the pressurizing chamber 4 is 
convex, thereby contracting the pressurizing chamber 4. 
This causes the ink in the pressurizing chamber 4 to 
reach the nozzle opening 31 via the communicating 
holes 9, 13, 17, 21, and 26, and an ink drop is ejected 

45 therefrom. 

When the voltage level of the drive signal is lowered 
at a constant rate after the ink drop formation, the piezo- 
electric vibrating plate 3 gradually returns to its original 
state so that the pressurizing chamber 4 is expanded. 

so During this process, an amount of ink equal to that con- 
sumed by the ink drop formation flows from the common 
ink chamber 1 9 into the pressurizing chamber 4 via the 
flow path restriction hole 12. 

Fig. 2 shows an embodiment of a driving circuit ac- 

55 cording to the invention for driving the recording head. 
In the figure, the reference numeral 40 designates a 
charging circuit for charging a capacitor C by a constant 
current, and comprises a pair of PNP transistors Q10 and 
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Q11 which have the same characteristics and the bases 
of which are connected to each other, and resistors R10 
and R11 which are connected between the emitters of 
the respective transistors and a constant voltage termi- 
nal VK. When a transistor Q18 is turned on by a print 
signal MCHG, a voltage difference of Vrefl = VK«R11/ 
(R11 + R14) is produced across the resistor R11. The 
voltage difference is reflected as it is in that across the 
emitter resistor R10 for the transistor Q10, and a con- 
stant current of Vrefl /R 10 flows out from the transistor 
Q10 so that the capacitor C is charged via a transistor 
Q15. 

As a result, the terminal voltage of the capacitor C 
is raised at a constant voltage gradient. The terminal volt- 
age of the capacitor C is supplied from a COM terminal 
of a current amplifying circuit 42 comprising transistors 
Q14 and Q16, to the piezoelectric vibrating plate 3. 

The charge time constant of the capacitor C must 
be set so that the pressurizing chamber is contracted at 
a rate suitable for ink ejection. In the embodiment, the 
values of the resistors R11, R14, and R10, and the ca- 
pacitor C are set so as to attain the rate of 1 2 V/usec. 

The reference numeral 41 designates a discharging 
circuit through which charges of the capacitor C are dis- 
charged at a constant current level. In a similar manner 
as the charging circuit 40, the discharging circuit com- 
prises a pair of NPN transistors Q1 2 and Q1 3 which have 
the same characteristics and the bases of which are con- 
nected to each other, and resistors R1 2 and R1 3 which 
are connected between the emitters of the respective 
transistors and GND. When a transistor Q20 is turned 
off by a discharge signal DCHG, the transistor Q1 3 is 
turned on so that a predetermined voltage difference 
Vref2 which will be described later is produced across 
the resistor R1 3. The voltage difference is reflected as it 
is in that across the emitter resistor R1 2 for the transistor 
Q12, and hence the transistor Q12 absorbs charges of 
the capacitor C at a constant current level which is de- 
termined by Vref2/R12, thereby discharge the capacitor 
C. 

Next, the operation of the thus configured apparatus 
will be described with reference to Fig. 3. 

When the print signal MCHG is input (time tO), the 
charging circuit 40 operates as described above, and the 
capacitor C is charged at a constant current level. This 
causes the terminal voltage of the capacitor C to be sud- 
denly raised at a constant gradient. The terminal voltage 
of the capacitor C is output from the COM terminal via 
the current amplifying circuit 42. The output voltage at 
the COM terminal is selectively applied to the piezoelec- 
tric vibrating plate 3 via a transistor Tr which is turned on 
by a print data signal. 

The voltage application causes the piezoelectric vi- 
brating plate 3 to be deflection -displaced in such a man- 
ner that the portion of the vibrating plate 2 on the side of 
the pressurizing chamber 4 is convex, whereby the ink 
in the pressurizing chamber 4 is pressurized and ink is 
ejected from the corresponding nozzle opening 31 . At 



the same time, the piezoelectric vibrating plate 3 starts 
vibration of a natural vibration period T. In the vibration, 
the average amplitude is the static displacement caused 
by the applied voltage, the amplitude is superposed on 

s the average amplitude, and the start point is set at the 
start of charge. 

At time t1 , the capacitor C is sufficiently charged so 
that the output voltage at the COM terminal reaches the 
saturation voltage. When a given time period Th1 is then 

io elapsed, or at time t2, the print signal MCHG is set to be 
off, and the discharge signal DCHG is output so as to 
cause the discharging circuit 41 to operate. 

The time t2 is set to be at an instant when the dy- 
namic displacement of the piezoelectric vibrating plate 3 

is with respect to the reference which is the static displace- 
ment position is directed so as to expand the pressuriz- 
ing chamber 4. At the same time, an auxiliary discharge 
signal DCHG1 is set to be HIGH so that a transistor Q24 
is turned on and a transistor Q23 is turned on. 

20 This produces a state substantially equivalent to that 
where a resistor R1 8 is connected in parallel to a resistor 
R17. The voltage Vref2 across the resistor R1 3 is given 
by 

Vref2 = VK-R1 3/(R1 7-1 8 + R1 3) 

25 where R17-18 indicates the combined resistance of the 
parallel resistors R17 and R18. 

The capacitor C is discharged by a constant current 
Is (Is = Vref2/R12) which is based on the voltage Vref2, 
and the terminal voltage of the capacitor C is lowered at 

30 a given discharge time constant. The terminal voltage of 
the capacitor C is supplied via the current amplifying cir- 
cuit 42 to the piezoelectric vibrating plate 3 which is in 
the selected state for printing. 

This allows the displacement of the vibrating plate 2 

35 which has been in the state where the portion on the side 
of the pressurizing chamber 4 is convex, to be gradually 
released, so that the pressurizing chamber 4 is expand- 
ed. Therefore, the meniscus produced in the vicinity of 
the nozzle opening 31 is pulled toward the pressurizing 

^0 chamber 4, whereby ejection of minute ink drops D l (see 
Fig. 9) after ink ejection is prevented from occurring, and 
ink in the common ink chamber 1 9 is caused to flow into 
the pressurizing chamber 4 via the ink supply port 12. 
In the embodiment, in order to prevent such ejection 

45 of undesired ink drops from occurring, the circuit con- 
stants are set so that the voltage is lowered at a dis- 
charge voltage gradient of, for example, about 0.33 
V/u.sec. 

In other words, when the discharge voltage gradient 
50 js smaller than 0.33 V/u,sec., the force of pulling the me- 
niscus is so small that ejection of undesired minute ink 
drops D' cannot be prevented from occurring. When the 
discharge voltage gradient is very larger than 0.33 
V/usec, such a large discharge voltage gradient rather 
55 causes the meniscus to vibrate, thereby undesirable 
ejecting minute ink drops. 

On the other hand, the meniscus immediately after 
ink ejection is largely pulled into the pressurizing cham- 
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ber 4. When a predetermined time period is elapsed, the 
movement direction of the meniscus is inverted, and the 
meniscus moves toward the nozzle opening 31 while re- 
peating vibration which is synchronized with the natural 
vibration of the piezoelectric vibrating plate 3. 

When a time period which is (n + 3/4) to (n + 1 ) times 
the natural vibration period T is elapsed after time to 
when the piezoelectric vibrating plate 3 starts to be de- 
flection-displaced, or, in the embodiment, at time t3 when 
a time of T x (3 + 3/4), the discharge signal DCHG is set 
to be HIGH and the auxiliary discharge signal DCHG1 is 
set to be LOW so that discharge is temporarily stopped. 

As a result, a force for stopping the residual vibration 
acts on the piezoelectric vibrating plate 3. After this time, 
therefore, the force of the meniscus vibrating in synchro- 
nization with the natural vibration of the piezoelectric vi- 
brating plate 3 which force is directed to the nozzle open- 
ing 31 is reduced. 

In other words, as shown in Fig. 4, if the discharge 
is stopped when the natural vibration of the piezoelectric 
vibrating plate 3 (in the figure, indicated by PZT) causes 
the pressurizing chamber 4 to contract and the direction 
is then inverted so as to expand the chamber, displace- 
ment deviation P1 from a static displacement position H1 
of the piezoelectric vibrating plate 3 is suddenly reduced 
and the piezoelectric vibrating plate 3 is suppressed from 
again vibrating. As a result, the vibration of the meniscus 
directed to the nozzle opening 31 is reduced and hence 
ejection of undesired ink drops is blocked. 

In the above, the configuration in which discharge is 
stopped has been described. Alternatively, as indicated 
by (a) in Fig. 4, the discharge time constant may be 
switched so as to be increased. In the alternative, the 
timing of the switching is set to the instant when a time 
period which is (n + 3/4) to (n + 1 ) times the natural vi- 
bration period T is elapsed. Also in the alternative, the 
vibration of the piezoelectric vibrating plate 3 can effec- 
tively be suppressed. 

Next, the case where discharge is accidentally 
stopped will be described. It is assumed that discharge 
is stopped when the natural vibration of the piezoelectric 
vibrating plate 3 causes the pressurizing chamber 4 to 
expand and the direction is then inverted so as to con- 
tract the chamber, or at the instant of, for example, (n + 
9/4)T shown in Fig. 4. In this case, the piezoelectric vi- 
brating plate 3 is caused to start to vibrate, and displace- 
ment deviation P2 from a static displacement position H2 
of the piezoelectric vibrating plate 3 is suddenly in- 
creased. Accompanying with the increase of the devia- 
tion, the vibration of the meniscus is increased in mag- 
nitude, and hence the possibility of ejection of undesired 
ink drops is increased to a very high level. 

When a time period Th2 is elapsed after time t3, the 
discharge signal DCHG is again set to be LOW so as to 
cause the discharging circuit 41 to operate. This makes 
the pressurizing chamber 4 to expand so that ink is 
sucked from the common ink chamber 19. 

During this process, since the auxiliary discharge 
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signal DCHG1 is LOW and the transistor Q23 is turned 
off, the voltage Vref2 across the resistor R13 is Vref2 = 
VK»R13/(R17 + R13). Consequently, the capacitor C is 
discharged at a current which is smaller in level than the 

s current Is. 

As a result, discharge is conducted at a second dis- 
charge time constant which produces a voltage variation 
of, for example, 0. 14 V/|isec. which is smaller than that 
produced in the discharge between times t2 to t3. The 

io expansion of the pressurizing chamber caused by this 
discharge expedites the forced return of the* meniscus 
toward the nozzle opening. 

When most of the charges are lost and discharge is 
in a state just before the end, or when the terminal volt- 

15 age of the piezoelectric vibrating plate is lowered to 
about 8 to 1 2 % of the driving voltage (time t4), the aux- 
iliary discharge signal DCHG1 is again set to be HIGH, 
whereby discharge is suddenly conducted at a third dis- 
charge time constant which is a voltage gradient with re- 

20 spect to time of about 0.33 V/usec. is produced, until the 
charges are completely lost. 

This sudden discharge causes the pressurizing 
chamber 4 to rapidly expand by a small degree. As a 
result, the meniscus is suddenly pulled in by a small de- 

25 gree. Accompanying with this pull-in, ink existing in a por- 
tion in the vicinity of the nozzle opening 31 and including 
the nozzle plate face is pulled in toward the pressurizing 
chamber 4. The meniscus itself is stabilized at a concave 
state in the nozzle. Consequently, the amount of ink 

30 which is to be ejected at the next time is controlled to be 
constant, and bending of the flight path of ejected ink 
which may be caused by ink remaining in the periphery 
of the nozzle opening does not occur. 

In the embodiment, signals CHG. DCHG2, and 

35 DCHG 3 shown in Fig. 2 are always kept to be LOW. 

The value n is selected to be '3' in the embodiment. 
The value n is determined in accordance a tradeoff be- 
tween the function of effectively damping the residual vi- 
bration of the piezoelectric vibrating plate 3, and that of 

40 sufficiently expediting the return of the meniscus. Gen- 
erally, it is adequate to set the value n to be in the range 
of 1 to 8, preferably in the range of 2 to 4. 

Next, a second embodiment of the invention will be 
described with reference to Fig. 5. 

45 in the figure, the reference numeral 45 designates 
a charging circuit which comprises complementary tran- 
sistors Q31 and Q32, and a resistor R31 connected be- 
tween the emitter of the transistor Q32 and a constant 
voltage terminal VK. When a transistor Q35 is turned on 

so by the print signal MCHG, the charging circuit starts to 
operate so that a capacitor C is charged via the resistor 
R31 at a constant current level. 

The charging circuit 45 charges the capacitor C at 
the constant current If (If = Vref1/R31) which is not af- 

55 fected by the environmental temperature or is uniquely 
determined depending on the voltage difference Vrefl 
across a resistor R33. This causes the terminal voltage 
of the capacitor C to be raised at a constant voltage gra- 
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dient. and the terminal voltage is selectively supplied to 
the piezoelectric vibrating plate 3 via a current amplifying 
circuit 47. 

In the same manner as the embodiment described 
above, the charge time constant Tc is set to produce the 
voltage gradient having a value at which the vibrating 
plate 2 is deflected toward the pressurizing chamber, and 
the piezoelectric vibrating plate 3 is deflection-displaced 
so as to contract the pressurizing chamber 4 at a rate 
suitable for ink ejection. For example, the charge time 
constant is set to be about 12 V/josec. 

The reference numeral 46 designates a discharging 
circuit which comprises complementary transistors Q33 
and Q34, and a resistor R32 connected between the 
emitter of the transistor Q34 and GND. When a transistor 
Q36 is turned off by the discharge signal DCHG, the dis- 
charging circuit starts to operate so that the capacitor C 
is discharged at a constant current Is (Is = Vref2/R32) 
which is not affected by the environmental temperature 
or is uniquely determined depending on the voltage dif- 
ference Vref2 across a resistor R35. 

The discharge time constant Td is selected to be a 
value (for example its voltage gradient to be about 0.66 
V/u. sec) at which the vibration of the meniscus immedi- 
ately after ink drop ejection does not protrude from the 
nozzle opening 31 , and discharge is ended at an instant 
when a time period which is (n' + 3/4) to (n* + 1 ) times 
the natural vibration period T of the piezoelectric vibrat- 
ing plates 3 is elapsed (where n* is generally an integer 
in the range of 1 to 8, and preferably an integer in the 
range of 2 to 4). 

Next, the operation of the thus configured apparatus 
will be described with reference to Fig. 6. 

When the print signal MCHG is input, the charging 
circuit 45 operates, and the capacitor C is charged at the 
constant charge time constant Tc. This causes the ter- 
minal voltage of the capacitor C to be suddenly raised to 
a predetermined voltage. The terminal voltage of the ca- 
pacitor C is applied to the piezoelectric vibrating plate 3 
via the current amplifying circuit 47 and a transistor Tr 
which is turned on by the print data signal for selecting 
the nozzle opening 31 from which ink is to be ejected. 

Consequently, the piezoelectric vibrating plate 3 
causes the vibrating plate 2 to be deflection-displaced in 
such a manner that the portion on the side of the pres- 
surizing chamber 4 is convex, whereby the ink in the 
pressurizing chamber 4 is pressurized and ink is ejected 
from the nozzle opening 31 . 

On the other hand, the piezoelectric vibrating plate 
3 starts vibration in which the average amplitude is the 
static displacement caused by the applied voltage, the 
amplitude is superposed on the average amplitude, and 
the start point is set at the start of charge. When a hold 
time period Th is then elapsed, or at time t2, the print 
signal MCHG is set to be off, and the discharge signal 
DCHG is output so as to cause the discharging circuit 46 
to operate. Then the capacitor C is discharged at the dis- 
charge time constant Td and the terminal voltage of the 



capacitor C is lowered at a constant rate. 

The time t2 is set to be at an instant when the dy- 
namic displacement of the piezoelectric vibrating plate 3 
with respect to the reference which is the static displace- 
s ment position of the piezoelectric vibrating plate 3 is di- 
rected so as to expand the pressurizing chamber 4. 

The lowered terminal voltage of the capacitor C 
causes the piezoelectric vibrating plate 3 to start the op- 
eration of returning to its original state so that the pres- 
io surizing chamber 4 is expanded at a constant rate. At 
time t3 or when a time period which is (n* + 3/4) to (n' + 
1 ) times the natural vibration period T of the piezoelectric 
vibrating plate 3 is then elapsed, the discharge is com- 
pletely ended. 

* 5 As shown in Fig. 6(A), this results in that the dis- 
charge is stopped at time t3 when the natural vibration 
of the piezoelectric vibrating plate 3 (in the figure, indi- 
cated by PZT) causes the pressurizing chamber 4 to con- 
tract and the direction is then inverted so as to expand 

20 the chamber. Because of the same 1 unction as that which 
has been described with reference to Fig. 4, the residual 
vibration of the piezoelectric vibrating plate 3 conducted 
thereafter is rapidly damped, and no ink drop is ejected 
until the next print signal is input. 

25 in the embodiment, the time period between times 
tO to t3 is set to be (3 + 3/4) times the natural vibration 
period T. and the damping function is exerted in a time 
period which is (3 + 3/4) to (3 + 1 ) times the natural vi- 
bration period T 

30 Conversely, in the case where the discharge is 
stopped at time t3' when the natural vibration causes the 
pressurizing chamber 4 to expand and the direction is 
then inverted so as to contract the chamber as shown in 
Fig. 6(B), the piezoelectric vibrating plate 3 then vibrates 

35 with a larger amplitude, resulting in that the possibility of 
ejection of undesired ink drops before the input of the 
next print signal is increased. 

When the charging operation causes the pressuriz- 
ing chamber 4 to contract so as to eject an ink drop, the 

40 meniscus in the vicinity of the nozzle opening starts to 
vibrate. As described above, the hold time period is pro- 
vided in order to hold for a given period the voltage ap- 
pearing at the end of charge, and the piezoelectric vi- 
brating plate 3 is discharged after an elapse of the hold 

<5 time period in order to prepare for the next ink drop ejec- 
tion. It has been found that, when the hold time period is 
set so as to satisfy a specific relationship with respect to 
the natural vibration period T of the meniscus, the vibra- 
tion of the meniscus can be suppressed more effectively. 

so Specifically, when the charging voltage after the end 
of charge is maintained at a constant level, as indicated 
by a curve B of Fig. 7, the meniscus receives the energy 
produced at ink drop ejection and conducts free vibration 
with setting the neutral point in the vicinity of the nozzle 

55 opening as the center, and at the natural vibration period 
T. When the meniscus moves toward the nozzle opening, 
minute ink drops called satellites which may impair the 
print quality are ejected. 
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During the time period from the time when charge is 
started in order to eject an ink drop to be used in printing 
to that when the time period which is 3/4 to 5/4 times the 
natural vibration period T, the meniscus is located on the 
side of the pressurizing chamber. When the start timing 
of discharge or the end of the hold time period is set to 
be in this time period (3/4 to 5/4 times the natural vibra- 
tion period T), therefore, the force of pulling the meniscus 
due to expansion of the pressurizing chamber 4 which is 
caused by discharge of the piezoelectric vibrating plate 
3 conducted after the end of the hold time period as in- 
dicated by a curve A of Fig. 7 synergistically acts on the 
movement of the meniscus itself toward the pressurizing 
chamber. 

This synergistic pulling of the meniscus enables the 
meniscus which may possibly produce satellites when it 
moves next toward the nozzle opening, to be sufficiently 
pulled in toward the pressurizing chamber. 

Of course, the pressurizing chamber 4, the nozzle 
opening 31 , and changes of characteristics of ink, and 
variations of constants of the devices constituting the 
driving circuit may be considered. In this case, prefera- 
bly, the timing is set to be in the range of about plus and 
minus T/4 (hatched portion in Fig. 7) with respect to the 
time when the free vibration of the meniscus produced 
after ink drop ejection reaches the neutral point, or the 
time when the natural vibration period T is elapsed after 
the start of charge. 

As shown in Fig. 8, therefore, a hold time period Th1 ' 
is adjusted so that the time period from the start of charge 
to time t2 when discharge is started is within a time period 
which is 3/4 to 5/4 times the natural vibration period T, 
preferably 0.8 to 1 .2 times the period T, so that the move- 
ment of the meniscus which is generated after the time 
of ink drop ejection and directed to the pressurizing 
chamber is effectively utilized to sufficiently pulling the 
meniscus toward the pressurizing chamber. 

In the same manner as the embodiment shown in 
Fig. 3, thereafter, when the discharge period Td1 is 
elapsed or at time t3, discharge is stopped for a prede- 
termined time period Th2. Then second discharge is con- 
ducted at a discharge time constant which is larger than 
the first discharge time constant, and, immediately be- 
fore the end of discharge, or at time t4 when the terminal 
voltage of the piezoelectric vibrating plate is lowered to 
about 8 to 1 2 % of the driving voltage, discharge is ended 
at a third discharge time constant which is smaller than 
the first discharge time constant, whereby the printing 
speed can be improved while satellites are prevented 
more surely from occurring and the residual vibration is 
suppressed. 

Figs. 10(A) and 10(B) show driving waveforms ap- 
plied to a recording head in which the natural vibration 
period T of a piezoelectric vibrating plate is 1 3 u.sec. Fig. 
1 0(A) shows a waveform in the case where the maximum 
driving frequency is 9 kHz, and Fig. 10(B) a waveform in 
the case where the maximum driving frequency is 7.2 
kHz. 



When the recording head is driven as described 
above, printing of an excellent quality is achieved at a 
predetermined printing speed and without ejecting unde- 
sired satellite ink drops. 

5 As described above, according to the invention, dis- 
charge of a piezoelectric vibrating plate which is once 
displaced toward the pressurizing chamber to form a 
convex state, thereby ejecting ink, and which is then de- 
flection-displaced is switched so as to be conducted at 

io different time constants, temporarily stopped, or ended 
in a process of returning the piezoelectric vibrating plate 
to the original position and in a time period which is (n + 
3/4) to (n + 1 ) times (where n is 1 , 2, 3,..., or 8) the natural 
vibration period T of the piezoelectric vibrating plate. 

'5 Therefore, vibration of the piezoelectric vibrating plate 
with respect to the reference which is the static displace- 
ment position can be suppressed, and ejection of unde- 
sired ink drops from the nozzle opening can surely be 
prevented from occurring. 

20 Furthermore, since steep discharge is conducted 
immediately before the end of discharge, ink in the vicin- 
ity of the nozzle opening can be pulled into the nozzle 
opening, and the meniscus can be pulled toward the 
pressurizing chamber, so that the meniscus is stabilized 

25 at a concave state. This enables the amount of ejected 
ink to be controlled, and prevents the flight path of eject- 
ed ink from being bent. 



30 Claims 

1 . An ink jet recording head comprising: 

a pressurizing chamber (4) communicating with a 
nozzle opening (31 ) and an ink chamber (1 9), and 
35 a piezoelectric vibrating plate (3) formed at a surface 
of said pressurizing chamber (4) having a natural 
vibration period T; 

a charging circuit (40, 45) which supplies an electric 
current to said piezoelectric vibrating plate (3); and 

40 a discharging circuit (41, 46) which has a first dis- 
charge time constant suitable for sucking meniscus 
formed after ejecting an ink drop toward said pres- 
surizing-chamber (4) and a second discharge time 
constant at an elapse of a predetermined time period 

45 suitable for conducting discharge. 

2. The ink jet recording head of claim 1 , wherein the 
charging circuit (40, 45) outputs a signal for holding 
a charge final voltage during a fixed time period after 

5o an end of charge. 

3. The ink jet recording head of claims 1 or 2, wherein 
the discharging circuit (41 , 46) stops discharge in a 
range which is (n + 3/4) to (n + 1) times (where n is 

55 1 , 2, 3,..., or 8) the natural vibration period T of said 
piezoelectric vibrating plate (3). 

4. An ink jet recording head especially according to one 
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of the preceding claims comprising: 

a nozzle opening (31), 

a common ink chamber (19), 

a pressurizing chamber (4) communicated with said 

nozzle opening (31 ) and said common ink chamber 

(19), and 

a piezoelectric vibrating plate (3) formed at a surface 
of said pressurizing chamber (4), said piezoelectric 
vibrating plate (3) being deflectable and having a 
natural vibration period T, wherein said ink jet 
recording head is caused to eject the ink drop by 
deflection displacement of said piezoelectric vibrat- 
ing plate (3); 

a charging circuit (40, 45) which supplies an electric 
current to said piezoelectric vibrating plate (3) in 
response to the print signal, thereby producing the 
deflection displacement for ejecting the ink drop, 
and which outputs a signal for holding a charge final 
voltage during a fixed time period after an end of 
charge; and 

a discharging circuit (41 , 46) which has a first dis- 
charge time constant suitable for sucking meniscus 
formed immediately after ejecting the ink drop 
toward said pressurizing chamber (4), thereby pre- 
venting the meniscus from being ejected from said 
nozzle opening (31), which stops discharge in a 
range which is (n + 3/4) to (n + 1 ) times (where n is 
1 , 2, 3,..., or B) the natural vibration period T of said 
piezoelectric vibrating plate (3), and which conducts 
discharge at a second and different discharge time 
constant at an elapse of a predetermined time 
period. 

5. The ink jet recording head according to one of the 
preceding claims, wherein n is 2, 3, or 4. 

6. The ink jet recording head according to one of the 
preceding claims, wherein a voltage at an end of the 
first discharge is maintained for a predetermined 
time period, and thereafter discharge is restarted at 
said second discharge time constant. 

7. The ink jet recording head according to one of the 
preceding claims, wherein discharge is conducted 
at a third discharge time constant immediately 
before an end of discharge conducted at said sec- 
ond discharge time constant, said third discharge 
time constant being smaller than said second dis- 
charge time constant. 

8. An inkjet recording head especially according to one 
of the preceding claims comprising: 

a nozzle opening (31 ), 

a common ink chamber (19), 

a pressurizing chamber (4) communicated with said 

nozzle opening (31) and said common ink chamber 

(19), and 

a piezoelectric vibrating plate (3) formed at a surface 



of said pressurizing chamber (4), said piezoelectric 
vibrating plate (3) being deflectable and having a 
natural vibration period T, wherein said ink jet 
recording head is caused to eject the ink drop by 
5 deflection displacement of said piezoelectric vibrat- 
ing plate (3); 

a charging circuit (40, 45) which supplies an electri- 
cal current to said piezoelectric vibrating plate (3) in 
response to the print signal, thereby producing the 
io deflection displacement for ink ejection, and which 
outputs a signal for maintaining a charge final volt- 
age during a fixed time period after an end of 
change; and 

a discharging circuit (41, 46) which has a first dis- 
is charge time constant suitable for sucking meniscus 
formed immediately after ejecting the ink drop 
toward said pressurizing chamber (4), thereby pre- 
venting the meniscus from being ejected from said 
nozzle opening (31), and which stops discharge at 
20 an elapse of a time period which is (n 1 + 3/4) to (n 1 + 
1 ) times (where n* is 1 , 2, 3,..., or 8) the natural vibra- 
tion period T. 

9. The ink jet recording head according to claim 8, 
25 wherein n* is 2, 3, or 4. 

10. An ink jet recording head especially according to one 
of the preceding claims comprising: 

a nozzle opening (31), 
30 a common ink chamber (1 9), 

a pressurizing chamber (4) communicated with said 
nozzle opening (31 ) and said common ink chamber 
(19), and 

a piezoelectric vibrating plate (3) formed at a surface 
35 of said pressurizing chamber (4), said piezoelectric 
vibrating plate (3) being deflectable and having a 
natural vibration period T, wherein said ink jet 
recording head is caused to eject the ink drop by 
deflection displacement of said piezoelectric vibrat- 
40 ing plate (3); 

a charging circuit (40, 45) which supplies an electri- 
cal current to said piezoelectric vibrating plate (3) in 
response to the print signal, thereby producing the 
deflection displacement for ejecting the ink drop, 
45 and which outputs a signal for maintaining a charge 
final voltage during a fixed time period after an end 
of charge; and 

a discharging circuit (41, 46) which has a first dis- 
charge time constant suitable for sucking meniscus 

50 formed immediately after ejecting the ink drop 
toward said pressurizing chamber (4), thereby pre- 
venting the meniscus from being ejected from said 
nozzle opening (31 ), and which starts discharge in 
a time period which starts from a time when the print 

55 signal is input and which is 3/4 to 5/4 times the nat- 
ural vibration period T of said piezoelectric vibrating 
plate, and preferably 0.8 to 1 .2 times the natural 
vibration period T. 
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11. The ink jet recording head according to one of the 
preceding claims, wherein discharge is temporarily 
stopped in the course of the discharge, a voltage at 
the stop is maintained for a predetermined time 
period, and thereafter discharge is restarted at a s 
second discharge time constant which is larger than 
said first discharge time constant. 

12. The ink jet recording head according to one of pre- 
ceding claims, wherein discharge is conducted at a io 
third discharge time constant immediately before an 
end of the discharge, said third discharge time con- 
stant being smaller than said second discharge time 
constant. 

15 

13. An ink jet recording apparatus for ejecting an ink 
drop in accordance with a print signal, said ink jet 
recording apparatus comprising an ink jet recording 
head according to one of claims 1 to 12. 

20 
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FIG. 3 
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FIG. 6(A) 
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EP 0 700 783 A2 



FIG 7 



Th - 




TIME 




15 



EP 0 700 783 A2 




FIG. 9 




TIME 



16 



EP 0 700 783 A2 



FIG. 10(A) 
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FIG. 10(B) 



NATURAL VIBRATION PERIOD T=13/asec 




138.9/js (7.2kHz) 



17 



